for intermating to the number of lines evaluated. For a given number of lines evaluated, the selection intensity
of inadequate effective population size in artificial selecences were observed among populations. These results suggest little tion programs may result in the loss of genetic variability to no advantage of using larger effective population sizes to maintain because of the fixation of alleles caused by genetic drift genetic variability for short-term recurrent selection. (Robertson, 1960 (Robertson, , 1961 Baker and Curnow, 1969; Rawlings, 1979; Vencovsky, 1978) . Fixation may be for either favorable or unfavorable alleles, and unless mutation R ecurrent selection contributes greatly to the geoccurs or germplasm is introduced into the population, netic improvement of maize hybrids in the USA. genetic variability will not be generated at fixed loci Recurrent selection in the 'Iowa Stiff Stalk Synthetic' (Hallauer, 1992) . (BSSS) maize population led to the development of Most of the early studies on the effect of genetic drift widely used maize inbred lines such as B73 and B84 on genetic variance assumed a pure additive genetic (Hallauer et al., 1983) . As a cyclical breeding procedure, model. These studies did not consider either intra-allelic recurrent selection is designed to improve population or inter-locus interactions. However, some studies performance and maintain genetic variability for contin- (Robertson, 1952; Goodnight, 1987 Goodnight, , 1988 ; Cheverud and ued selection. Improvement of population performance Routman, 1996) relaxed the assumption of pure additive results from an increase in the frequency of favorable gene action and considered non-additive gene action alleles. The increase in the frequency of favorable alleles (dominance or epistasis). In the presence of interacting increases the probability of obtaining inbred lines with genes, these studies have shown that additive genetic superior combining ability.
variance could increase with small effective population The number of individuals intermated is the most size or after a population bottleneck. critical aspect of the intermating phase of recurrent se- Weyhrich et al. (1998) evaluated the mean perforlection programs (Hallauer, 1992) . Gain from selection mance of the S 0 populations per se, the S 1 populations can be increased for any recurrent selection method by per se, and the testcrosses to the C0 after five cycles of increasing selection intensity (Sprague and Eberhart, S 1 -progeny selection in the BS11 maize population using 1977), which is the ratio of the number of lines selected 20% selection intensity and intermating 5 (5-S 1 ), 10 (10-S 1 ), 20 (20-S 1 ), or 30 (30-S 1 ) progeny. its interaction with the environment, phenotypic varipopulation of the 5, 10, 20, and 30 S 1 programs will be referred to as C5-5, C5-10, C5-20, and C5-30, respectively. ance, heritability, and phenotypic and additive genetic
In 1993, seeds from the BS11C0 and C5 populations of correlations within the C0 and C5 populations.
each S 1 program were planted in the breeding nursery, and plants were randomly selfed to produce S 1 lines. One hundred
MATERIALS AND METHODS
BS11C0 S 1 lines and 150 S 1 lines for each selected population were produced. In 1994, the S 1 lines were topcrossed to a
Development of Genetic Materials
common tester, BS11C0. Topcrossing was done in isolation BS11 is a genetically broad-based population formed by plots such that there were four S 1 lines as female rows to two crossing southern prolific material, Caribbean material, and BS11C0 male rows. The S 1 lines were detasseled and Х10 ears U.S. Corn-Belt lines (Hallauer, 1967) . It was developed by from each S 1 line were harvested. Equal quantities of seed W.L. Brown at Pioneer Hi-Bred International, Inc. and was were bulked from each ear to produce a half-sib family. One originally designated as "Pioneer Two-ear Composite." The hundred half-sib progenies for BS11C0, and 130 for the C5 BS11 maize population was adapted to the central U.S. cornof each selected population were produced for a total of 620 belt by 10 cycles of mass selection for adaptation and prohalf-sib progenies. lificacy.
The number of lines recombined in the study were 5 (fewer
Evaluation Procedures and Data Collection
than generally used), 10 and 20 (most commonly used), and 30 (greater than normally used). Starting with the BS11 popuThe 620 entries (half-sib progenies) were divided into 10 sets of 62 entries composed of 10 BS11C0 top-crosses and 13 lation, five cycles of S 1 -progeny selection were conducted by intermating 5, 10, 20, or 30 lines to form a population for the C5 top-crosses of each selected population. The entries were replicated twice, and replications were nested within sets. The next cycle of selection. The S 1 programs in which 5, 10, 20, or 30 lines were intermated were referred to as 5-S 1 , 10-S 1 , 20-half-sib progenies were evaluated in replications-within-sets randomized incomplete block designs at three Iowa locations S 1 , and 30-S 1 , respectively (Table 1) . Weyhrich et al. (1998) described the sequence of S 1 -progeny (Ames, Crawfordsville, and Carroll) in 1995 and 1996. The Crawfordsville location in 1996 was discarded because of seselection conducted for each program. For 5-S 1 , a cycle of selection was initiated by growing the population per se at vere waterlogging. Each location-year combination was considered as an environment for a total of five environments. the winter nursery in Puerto Rico and selfing 25 to 50 plants. Ears were harvested from 25 plants with sufficient seed for A plot consisted of two rows, 5.49 m long with 0.76 m between rows. All plots were over planted by machine and thinned to testing and that had desirable agronomics. The 25 S 1 lines were evaluated the following season at three locations in Iowa a uniform stand density of approximately 62 124 plants ha
Ϫ1
at the five-leaf stage. All yield trials were machine cultivated with two replications per location. On the basis of the results of the evaluations, the best S 1 lines were selected and inand/or hand weeded as necessary. Plots were machine harvested without gleaning for dropped ears. termated the following season at the winter nursery with their remnant S 1 seeds. The bulk-entry method (Hallauer, 1985) Data collected on plots were machine-harvestable grain yield (Mg ha Ϫ1 ) adjusted to 155 g kg Ϫ1 grain moisture (g kg Ϫ1 ) was used to intermate the selected S 1 lines producing the Syn-1 population. Chain-sibbing 300 to 400 Syn-1 plants produced at harvest, final stand (thousands of plants per hectare), root lodging (percentage of plants leaning more than 30Њ from the Syn-2 population. The Syn-2 population was used to initiate the next cycle of S 1 -progeny selection.
vertical), stalk lodging (percentage of plants broken at or below the primary ear node), plant and ear heights (cm), and populations. The among population sums of squares was further partitioned into all possible contrasts among the five silk emergence. Plant and ear heights were recorded as the average measurement of five random plants in a plot measured population means. Contrast within sets mean squares were tested for significance using the corresponding interaction with as the distance from the ground to the node of the flag leaf and to the highest ear-bearing node, respectively. Silk emerenvironment mean squares. Within-population error mean squares and among-population error mean squares were used gence was measured as growing degree units (GDU) in ЊC from planting until 50% of the plants in the plot have emerged to test the significance of the within-population by environment and among populations by environment mean squares, silks. GDU were calculated as follows: [(daily maximum temperature ϩ daily minimum temperature)/ 2] -10ЊC, where respectively. The within-and among-population mean squares were tested for significance using the appropriate interaction the minimum and maximum limits for calculation purposes were 10 and 30ЊC, respectively (Shaw, 1988) . Grain yield, grain mean squares. The mean squares calculated from the combined analysis moisture, stand, plant and ear heights, and root and stalk lodging were recorded at all environments. Silk emergence of variance were translated into appropriate genetic components of variance. The within-population variance equals the was recorded at the Ames location only.
covariance of half-sibs with the genetic expectation given in the theory section. Approximate 90% confidence intervals
Theory
were calculated for the additive genetic, additive ϫ environment (A ϫ E), and phenotypic variance estimates by the The genetic expectation of the mean of the C0 ϫ C0 topprocedures of Burdick and Graybill (1992) . Heritability esticrosses for a one-locus-two-allele model is ͚(2p Ϫ 1)a ϩ mates and their exact 90% confidence intervals (Knapp and 2 ͚p(1 Ϫ p)d, where p is the frequency of the favorable allele, Bridges, 1987) were estimated on a half-sib progeny-mean a is the average of the homozygote values, and d is the deviabasis. Variance components and heritability estimates were tion of the heterozygote from the mid-homozygote value. The regarded as significantly different from zero if their confidence genetic expectation of the mean for a C5 topcross population intervals did not bracket zero. Differences between popula-
tions for estimates of variance components and heritability where ⌬p is the change in the frequency of the favorable were declared significant if their confidence intervals did not allele. The expectation of the C5 topcross mean is a function overlap. Additive genetic and phenotypic correlations among of ⌬p, which varies among the selected populations. When traits within populations were calculated as additive or pheno⌬p is zero, then the expectation equals that of the C0 ϫ C0 typic covariance estimates divided by the square root of the topcrosses implying the ineffectiveness of selection.
product of the additive variance or the phenotypic variance The genetic expectation of the variance among the halfestimates of two traits, respectively (Mode and Robinson, sib progenies from each of the four selected populations is 1959). complicated by the fact that the C5-5, C5-10, C5-20, and C5-30, which were used as females in the topcross, have presumably undergone changes in allele frequency due to selec-
RESULTS AND DISCUSSION
tion and drift, whereas the male in the topcross is the unselected C0 population. For C0, the progeny resulting from the Means topcross are simply half-sib families.
The genetic expectation of the variance among half-sib fam-
The environmental means for grain yield ranged from ilies can be derived by modifying the genetic variance among 6.29 (Ames, 1995) to 4.49 Mg ha Ϫ1 (Carroll, 1995) . The Fig. 1 ). The 10-S 1 program showed the greatest rate
) with the 30-S 1 program producing the second greatest rate of improvement for grain yield (0.13 Mg ha Ϫ1 cycle Ϫ1 ). Grain mois- and stalk lodging, the best response was obtained in the The 5-S 1 , 10-S 1 , and 30-S 1 programs gave comparable showed a significant increase in grain yield. Although inbreeding depression due to genetic drift, genetic progress for grain yield has been made in the 5-S 1 program et al., 1998). Frankham et al. (1968) evaluated response as indicated by the crosses to the C0. over 12 cycles whereas in our study and that of Weyhrich Our data support the conclusion of Weyhrich et al. et al. (1998) response was observed for only five cycles. (1998) that intermating an additional 10 or 20 progenies does not contribute enough favorable alleles to the popVariance, Heritability, and Correlation Estimates ulation to affect short-term selection response. Weyhrich et al. (1998) suggested that response could be inAll variance and heritability estimates for grain yield creased by increasing selection intensity for a given were significantly different from zero except for the population size. The results of our study also agree with A ϫ E variance of the C5-20 population (Table 3) . the conclusions of Baker and Curnow (1969) and of The additive genetic variance estimates for grain yield Brim and Burton (1979) . Baker and Curnow (1969) ranked C5-5 Ͼ C5-20 Ͼ C0 Ͼ C5-30 Ͼ C5-10; however, showed that there is little to be gained in going beyond differences among populations were not significant. The an effective population size of 16 when the issue of A ϫ E variance estimates were less than the correspondinterest is the progress to be realized in a reasonable ing additive genetic variance estimates in the selected number of generations. Brim and Burton (1979) conpopulations. The A ϫ E variance estimate for C5-20 was cluded that reduced effective population size and numsignificantly less than for the C0 population. Phenotypic ber of lines tested per cycle had little effect on progress.
variance estimates for grain yield were not significantly For the populations used in their study, Brim and Burdifferent among populations. Heritability estimates ton (1979) inferred that the use of larger effective popuranked C5-20 Ͼ C5-5 Ͼ C5-30 Ͼ C0 Ͼ C5-10, but the lation size over the short term was unwarranted. On the differences among the populations were not significant. other hand, Frankham et al. (1968) found that greater
The variance and heritability estimates for grain moisresponses to selection were obtained with larger effecture were significantly different from zero for all populative population sizes at the same selection intensity. The tions and ranked C0 Ͼ C5-20 Ͼ C5-10 Ͼ C5-30 Ͼ C5-5. differences in results could be attributed to the number The additive genetic variance of the C0 population was significantly different from C5-5 but not from the other of cycles to which the response was evaluated (Weyhrich selected populations. The additive genetic variance for lodging. The additive genetic variance estimate of the C0 population was significantly greater than the selected C5-5 was significantly less that the estimate for C5-10 and C5-20, but not for C5-30. The additive genetic populations for root lodging. All variance and heritability estimates were significantly different from zero for variance and heritability estimate of the C5-20 population was not significantly different from zero for root stalk lodging, except for the A ϫ E variance component of the C5-20 population. The additive genetic variance Phenotypic correlations of grain yield with other traits ranged from -0.38 to 0.42 (Table 4) . Among the selected estimate of the C0 population was significantly greater than the estimates for the C5-10 and C5-20 populations.
populations, a significant negative phenotypic correlation of grain yield with stalk lodging was observed in There were no differences in estimates of additive variance among selected populations C5-10 and with dropped ears for C5-5. A significant positive phenotypic correlation of grain yield with plant The additive genetic variance, phenotypic variance, and heritability estimates were significantly different height was observed in all selected populations except in the C5-5 population. Grain moisture had significant from zero for all populations for plant and ear height. Estimates of A ϫ E variance were not significantly positive phenotypic correlation with silk emergence in all populations. A significant phenotypic correlation of different from zero for either trait. For plant height, additive genetic variance estimates among C0, C5-10, stalk lodging with ear height was observed in the selected populations. There were significant positive phe-C5-20, and C5-30 were not significantly different, but all were significantly greater than C5-5. Additive genetic notypic correlations between silk emergence and plant and ear height in all populations. There were no clear variance estimates for the C5-5 and C5-10 population were significantly smaller than the C0 estimate. The trends in the phenotypic correlations that could be attributed to selection. Positive additive genetic correlaadditive genetic variance, phenotypic variance, and heritability estimates for the number of GDU required to tions were observed in all populations between grain moisture and root lodging, root and stalk lodging, and reach mid-silk were significantly different from zero in all populations. Except for the C5-5 population, all estibetween silk emergence and grain moisture. Negative additive genetic correlations between stalk lodging and mates of A ϫ E variance were nonsignificant. The additive genetic variance estimate of the C0 population was grain yield as well as between stalk lodging and grain moisture were observed in all populations. There was not significantly different from either C5-10 or C5-30 but was significantly greater than the estimates for the no trend observed among the selected populations for additive genetic correlation between any two traits. C5-5 and C5-20 populations. The design of our study allowed us to determine the BS11C0 to provide an estimate of the additive genetic variance unconfounded by dominance variance. In the magnitude of additive genetic variance after five cycles of S 1 -progeny selection using four effective population absence of additive ϫ additive epistatic variance, the genetic variance among half-sibs is entirely attributable sizes but with a constant selection intensity. There has been interest in determining the number of lines to to the additive genetic variance. Thus, topcrossing to the C0 gives a direct estimate of the additive genetic intermate in maize recurrent selection programs because of the loss of genetic variance and inbreeding variance. The inclusion of the C0 ϫ C0 topcross also enabled us to observe the change in additive genetic depression resulting from small effective population sizes. The loss of favorable alleles limits the gain that variance from C0 to C5. The within-population sources of variation suggested can be attained by selection. Smith (1983) , Keeratinijakal and Lamkey (1993) , and Holthaus and Lamkey that significant genetic variation was present in each selected population for all traits except for root lodging (1995) underscored the importance of genetic drift on the response of the population per se to recurrent selecin the C5-20 population. Significant genetic variation implies that improvement of the traits is still possible tion. Nonresponsiveness or lack of observed gain of the population per se to recurrent selection was generally in those populations. Interestingly, additive genetic variance did not decrease for grain yield after selection. attributed to inbreeding depression associated with genetic drift. Changing to larger effective population sizes, This was contrary to the results of Reeder et al. (1987) who observed a decrease in additive genetic variance however, would reduce additional allelic frequency drift in future cycles of selection.
and dominance variance for grain yield in BS11 after 6 cycles of reciprocal full-sib selection with BS10. HolAny progeny selection method could have been used to evaluate the impact of effective population size. Howthaus and Lamkey (1995) also found a decrease in the additive genetic variance for grain yield after 11 cycles ever, S 1 -progeny selection offers the simplest approach because testcrosses are not needed for evaluation and of reciprocal recurrent selection in the BSSS maize population and after 6 cycles of S 2 progeny selection in the it requires one season less than S 2 -progeny selection. The use of testcrosses by half-sib and full-sib recurrent BS13 maize population. Labate et al. (1997) found a decrease in genetic variation at molecular marker loci selection methods requires additional resources. We evaluated topcrosses of the C0 and C5 populations to within BSSS(R) and BSCB1(R) after 12 cycles of recip-rocal recurrent selection. The discrepancy between our ditive genetic variance for grain yield in the 5-S 1 proresults and those of Reeder et al. (1987) , Holthaus and gram is that favorable alleles may be at very low freLamkey (1995), and Labate et al. (1997) may be due to quencies initially in the BS11C0. If that is the case, then the number of cycles of selection completed.
the additive genetic variance should increase regardless We found that additive genetic variance for grain of the effective population size unless selection is so yield did not decrease in the 5-S 1 program after five ineffective that genetic drift is the predominant force cycles of selection contrary to the evidence from Weyhaltering gene frequency. For plant and ear heights, alrich et al. (1998) for inbreeding depression caused by though the additive genetic variance estimates among genetic drift. After five cycles of selection, the expected C5-10, C5-20, and C5-30 were not significantly differlevel of inbreeding in the 5-S 1 program was five times ent, the estimate of C5-30 was significantly greater than greater than the 30-S 1 program (Table 1) . With this the C5-5. Similarly for the number of GDU required magnitude of inbreeding, additive genetic variance to reach mid-silk, C5-30 was significantly greater than should have decreased significantly in the smaller effec-C5-5, but there were no significant differences among tive population size programs, particularly in the 5-S 1 C5-5, C5-10, and C5-20. For these traits, there may not program, according to the classical theory of genetic be significant transformation of non-additive genetic drift (Crow and Kimura, 1970) . Theoretical studies have variance to additive genetic variance due to limited intra shown that genetic variance decreases with small popuor inter-allelic interactions for these traits. The strength lation size or after a "population bottleneck" due to of selection for those traits is also probably not as strong genetic drift. Genetic drift results in fixation of alleles, as for the main traits. which is the basis of genetic uniformity. Bryant et al.
On the basis of the results of our study, we conclude (1986), however, emphasized that such results apply that the use of smaller effective population size would only to single or independent loci with additive genetic not compromise genetic progress in a short-term maize effects. A population bottleneck may not decrease addibreeding program. Genetic drift may not necessarily tive genetic variance if the individual effects of alleles result in an immediate and drastic decrease in genetic do not operate in a purely additive manner (Bryant and variance. The results of our study suggest little to no Meffert, 1993). The classical model of genetic drift does advantage of using a larger effective population size not consider either intra-allelic interactions (domito maintain genetic variability for short-term recurrent nance) or inter-locus interactions (epistasis). Robertson selection. It should be realized, however, that the use (1952) was the first to discover that genetic variation due of smaller effective population sizes will lead to more to recessive alleles may increase temporarily because of variation in the response to selection (Falconer and inbreeding. Cockerham and Tachida (1988 ), Tachida Mackay, 1996 , p. 208-211). and Cockerham (1989 , and Jiang and Cockerham (1990) ance following a population bottleneck was also theoretBrim, C.A., and J.W. Burton. 1979 . Recurrent selection in soybeans ically shown by Cockerham and Tachida (1988) ,
